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Abstract 
The Lorca earthquake (May 11th, 2011, Mw 5.2) stands as the most destructive one in Spain over the last 50 years, 
interpreted as having occurred in an intersegment zone of the strike–slip Alhama de Murcia Fault (AMF) (Eastern 
Betics, Spain). Magnetotelluric data were acquired along a profile to the SW of Lorca (La Torrecilla profile), to character‑
ize its signature at depth, as part of the multidisciplinary project “INTERGEOSIMA”. Given the short distance between 
stations, some station pairs were recorded simultaneously, with magnetic sensors in only one of them. In order to 
properly understand the resulting impedances (called interstation impedances), and the effects of inverting them, we 
used synthetic models to compare the impedances and the interstation impedances and to analyze the correspond‑
ing inversion results, together with the inversion of the quasi‑impedance (inversion of the interstation impedances, 
considering them as impedances). The results are sensitive to the location of the magnetic sensors and the resistivity 
underneath, but in general the use of the quasi‑impedances in the inversion can be considered a valid procedure. 
Both the 2D and the 3D resistivity models obtained through the inversion allowed us to complement the previous 
ERT models and represent the continuation of the main fault gouge in depth showing its extension towards the SE.
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Introduction
The Alhama de Murcia Fault (AMF) is an 87-km-long, 
SW–NE oriented left-lateral strike–slip fault located in 
the southeast of the Iberian Peninsula. It belongs to the 
Eastern Betics and most of the damaging historical earth-
quakes (Mw > 6.5) in the area are related to its structure 
(Fig. 1). The Lorca earthquake (Mw 5.2, May 11th, 2011) 
was generated by the reactivation of one segment of this 
fault (López-Comino et  al. 2012; Martínez-Díaz et  al. 
2012b), raising awareness about the need for a better 
understanding of its internal structure through periodic 
monitoring.
Figure 1 shows the main trace of the Góñar–Lorca sec-
tion of the AMF. Since the other sections of the AMF 
consist of 2 or 3 branches, elucidating the subsurface 
structure of the AMF to the SW of Lorca has important 
implications for not only understanding the detailed 
structure and distribution of its deformation, but also 
for better quantifying its seismic hazard. For instance, 
important infrastructures are at risk such as the Rafael 
Mendez General Hospital, located just 200  m to the 
south of the main trace.
In order to obtain a geoelectrical model of the fault 
zone, we carried out a magnetotelluric (MT) survey, part 
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Fig. 1 Top: inset and geological map of the Alhama de Murcia Fault (red trace), epicenters of instrumental and historical earthquakes (M > 1; 
between 500 a.d. and 2012) and the Mw 5.2, 2011 Lorca earthquake focal mechanism. Black rectangle limits the area of the Torrecilla Survey 
(modified from Martínez‑Díaz et al. 2016a). Bottom: aerial view of the Rambla de la Torrecilla area and location of MT sites acquired. The blue line is 
the main trace of the Alhama de Murcia Fault (Source: Google Earth)
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of the INTERGEOSIMA project (Martínez-Díaz et  al. 
2016a, b), which consisted of a 1.5-km profile in La Torre-
cilla, SW of Lorca that crossed the main trace of the fault. 
Given the short length of the profile and the fact that 
some stations were located close to electrical lines (hence, 
generating high magnetic fields that can saturate the sen-
sors), some pairs of stations were recorded simultane-
ously, with magnetic sensors in only one of them (Fig. 1).
The MT method is a non-invasive technique (see Chave 
and Jones 2012) that allows characterizing the electrical 
resistivity of the subsoil. This can then be related to the 
type of materials and/or to structural changes, such as 
the presence of fluids or the continuation of a fault trace 
in depth, as shown in studies performed on the Dead Sea 
Transform Fault (Ritter et  al. 2003), San Andreas Fault 
(Becken and Ritter 2012), and on the Iberian Peninsula, 
the Maladeta Fault in the Pyrenees (Ortuño et al. 2008) 
as well as the Eastern Betics’ Carboneras Fault (Queralt 
et al. to be submitted to Terra Nova).
The main hypothesis of the MT method is that the 
electric and magnetic fields are of natural origin (elec-
trical thunderstorms and ionosphere–magnetosphere 
interactions) and have a distant source. However, elec-
tromagnetic signals from anthropogenic (and nearby) 
sources are superposed upon the natural fields (Escalas 
et al. 2013). These sources cannot be neglected, especially 
near urban areas, and are caused by electrical transform-
ers and power lines (creating a magnetic field, which can 
itself induce electrical currents), electric train lines, wind 
turbines, vehicle circulation, and water pipes.
The time variations of the horizontal electric and mag-
netic fields are measured at the surface, from which the 
frequency dependent impedance tensor (Z) and the cor-
responding apparent resistivities and phases are obtained. 
When the simultaneous horizontal electric and magnetic 
field time variations are registered at different locations—
electric from a local site and magnetic from a neighbor-
ing site—, the resulting transfer functions (2 × 2 tensors 
with complex components) differ from the local imped-
ance tensor. We name them interstation impedances, fol-
lowing the notation of interstation transfer functions in 
Campanyà et  al. (2014), which points to the differences 
between the local and interstation transfer functions. 
Other authors refer to them as pseudo-remote reference 
impedances (Muñoz and Ritter 2013), or inter-site imped-
ances (Kruglyakov and Kuvshinov 2019), which have been 
implemented in inversion algorithms (e.g., Kruglyakov 
and Kuvshinov 2019). If the interstation impedance—
together with its corresponding apparent resistivities 
and phases—is represented, analyzed and inverted as if it 
were a local impedance (i.e., approaching both the elec-
tric and magnetic fields coming from the same site), we 
can refer to them as quasi-impedances (qZ, also following 
the notation “quasi-MT transfer functions”, in Campanyà 
et  al. 2014), quasi-apparent resistivity (q-apparent resis-
tivity) and quasi-phase (q-phase), respectively. Hence, ZI 
and qZ are the same, but we refer to it as ZI when it is 
analyzed and inverted taking into account the real loca-
tions of the local site (where the electric field variations 
have been registered) and of the neighboring site (where 
the magnetic field variations have been registered); 
whereas qZ is analyzed and inverted by approaching that 
both the electric and magnetic fields have been registered 
at the same site (Fig.  2, top right box). The reason for 
using qZ, instead of ZI, is that most of the available soft-
ware for analyzing and modeling MT data use the local 
impedances Z. Hence, it is necessary to consider what the 
validity of this approximation is.
With the aim of better understanding the interstation 
impedances and the effects of inverting them for the Tor-
recilla profile, in the first part of the paper we present 
the results from synthetic tests using interstation imped-
ance (ZI), which was implemented into the ModEM code 
(Egbert and Kelbert 2012; Kelbert et al. 2014) to identify 
the differences between the Z and ZI responses; and the 
effects of inverting Z, ZI or qZ.
In the second part, we focus on the Torrecilla sur-
vey itself, for which we performed a 2D inversion that 
allowed us to depict the main geoelectrical structures 
and relate them to the subsurface geology. We also car-
ried out 3D inversions, treating the responses either as ZI 
or as qZ, and extending the 2D model in order to assess 
the robustness of its structures.
Interstation impedance vs quasi‑impedance 
inversion—synthetic tests for fault detection
In the analysis of the responses and inversions using Z, ZI 
and qZ, we followed a methodology similar to the work of 
Campanyà et al. (2016), which focused on the interstation 
horizontal magnetic tensor (H) (the relationship between 
the horizontal magnetic fields at two locations), but we 
adapted it to the calculation of interstation impedances 
(ZI). Departing from different synthetic models, we cal-
culated the corresponding impedances (Z) and intersta-
tion impedances (ZI), using one or several configurations 
(relative locations between local and neighboring sites); 
and then performed three types of inversion: inverting Z, 
inverting ZI, and inverting qZ. We considered two mod-
els, for which both the forward problem and the inver-
sions were solved using the ModEM code, adapted to the 
calculation of ZI. In both models, we only considered one 
or two neighboring sites to better isolate the effects on 
the inversion of ZI or qZ.
The main results from the two models are explained 
next. The details of the calculation of the forward 
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responses and the inversions carried out can be found in 
Additional file 1.
Model 1: vertical contact (2D)
In order to illustrate a very simple case, the first synthetic 
model was a NS-oriented vertical contact (2D) sepa-
rating two media of 20  Ω·m (west side) and 2000  Ω·m 
(east side); underlain by a 200  Ω·m basement. The 
Fig. 2 Top: plan view of the top layer and cross section of Model 1 (central part). Site positions are indicated with circles and triangles, and labels 1 
and 5 identify the sites used as magnetic references. The diagram in the top right box indicates the configurations to obtain Z, ZI and qZ. Bottom: 
apparent resistivity and phases obtained for this model from the impedances Z (squares and diamonds), and from the interstation impedances ZI 
(continuous lines), for Site 1 and Site 5. Note that each site has different apparent resistivity and phase scales
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forward model responses (Z) were calculated for 7 peri-
ods (0.001–1000  s) at 6 sites, distributed symmetrically 
along a profile crossing the contact perpendicularly. ZI 
was calculated for the same periods at Site 1 using the 
magnetics from Site 5 (E:1; B:5); and for Site 5 using 
the magnetics from Site 1 (E:5; B:1). Figure 2 shows the 
plan view and a cross section of the model and the off-
diagonal apparent resistivities and phases (the diagonal 
components were practically null) calculated at Sites 1 
and 5, from the impedance (dots) or from the interstation 
impedance (lines). The apparent resistivities obtained 
from Z show equal xy (transversal electric, TE) and yx 
(transversal magnetic, TM) curves at short periods that 
split in the middle (Site 1, on the conductive side) or 
short (Site 5, on the resistive side) periods due to the ver-
tical contact. The curves computed from ZI differ from 
those of Z mainly in the xy (TE) component. In the case 
of Site 1, the xy apparent resistivity is higher because the 
magnetic field is taken from the resistive medium, which 
has a lower magnetic field (By), and hence it results in a 
higher value of the quotient Ex/By. At Site 5 the apparent 
resistivity is lower because the contrary occurs: the mag-
netic field is taken from the conductive medium, with a 
higher magnetic field (By), resulting in a lower quotient 
(Ex/By). This is also reflected in the xy phases, which are 
different for both sites.
We carried out the following inversions:
 A. Inversion of Z at all sites.
 B1. Inversion of ZI at Site 1 (E:1;B:5) and Z at the rest 
of sites.
 B2. Inversion of the quasi-impedance (qZ) at Site 1 
(E:1;B:5) and Z at the rest of the sites.
 C1. Inversion of ZI at Site 5 (E:5;B:1) and Z at the rest 
of the sites.
 C2. Inversion of the quasi-impedance (qZ) at Site 5 
(E:5;B:1) and Z at the rest of the sites.
Z and ZI inversions resulted in similar models (A, B1, 
and C1). Inversion B2 (qZ with E measured above a con-
ductor, and B above a resistor), produced a zone slightly 
less conductive below Site 1 (Fig.  3). Inversion C2 (qZ 
with E above a resistor and B above a conductor) did not 
add any clear artifact under Site 5 (Fig. 3), but the resis-
tivity between Site 5 and Site 6 is lower than for the mod-
els from the other inversions. In all three cases the root 
mean square (rms) value is close to 1. These results are 
consistent with what was expected from the evaluation of 
the responses. From this, we see how the choice of the 
neighboring site does not affect the results of inverting 
ZI (B1 and C1); but when qZ is used instead, the results 
depend on the location of the neighboring site where the 
magnetic field is calculated.
Model 2: fault model with a 3D shallow conductor
This model was created to simulate a possible geoelectri-
cal structure for the Torrecilla profile data in the AMF. 
The model (Fig.  4) has a 1D background structure that 
represents, from top to bottom: 700 m of colluvial sedi-
ments (2000  Ω·m), 800  m of plio-quaternary materials 
(100 Ω·m) and the Paleozoic basement (500 Ω·m). This 
structure was cut by a NS directed quasi-vertical fault 
zone having a thickness of 200 m, a resistivity of 10 Ω·m, 
and a 360 m side superficial block of 30 Ω·m to account 
for the 3D effects.
The impedances Z were computed at 6 sites along a 
1.5 km E–W profile. ZI was calculated by taking the elec-
tric field from Site 4 (on top of the conductive block) and 
the magnetic field from Site 6 (over the resistive part). 
The apparent resistivities and phases obtained from the 
four components of Z and ZI at Site 4 are represented in 
Fig. 4. The shortest periods (both diagonal and off-diag-
onal components) are the ones that vary the most, given 
the small scale of the model structures. Apparent resistiv-
ities from ZI are higher than the ones from Z because in 
ZI the magnetic field is taken from the resistive medium, 
which has a lower value and hence a higher E/B ratio.
The following inversions were carried out:
 A. Inversion of Z for all sites.
 B1. Inversion of ZI for Site 4 (E:4;B:6) and Z at the rest 
of the sites.
 B2. Inversion of the quasi-impedance (qZ) at Site 
4(E:4;B:6) and Z at the rest of the sites.
The models obtained from the three inversions are 
similar (Fig. 5) and recover the large scale structures (the 
resistive background and the fault). The main difference 
is that inversion B2 (qZ) does not reproduce so well the 
shape of the local conductor below Site 4, as a conse-
quence of using a less intense magnetic field than what 
would correspond to a conductive area. Focusing on the 
synthetic data (forward responses of Model 2) and the 
responses of the resulting models at Site 4 (Fig.  5), the 
rms for the inversion of qZ is slightly higher than for ZI 
(Additional file  1), although the curves of the data and 
model responses follow a similar trend as for the inver-
sion of Z. The xy component is similarly fitted for the 
three cases, whereas the yx component does not fit so 
well for any of the three inversions. The diagonal com-
ponents are over-fitted due to their large relative errors 
(Fig. 5).
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Fig. 3 Plan views and cross sections along the profile of the models obtained from inverting Model 1 synthetic data: a the impedance Z (top), b the 
interstation impedance ZI (E:1; B:5) and quasi‑impedance qZ (E:1;B:5) (middle), as well as c ZI (E:5;B:1) and qZ (E:5;B:1) (bottom)
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Table  1 summarizes the forward and inversion tests 
performed for the two models. We are able to isolate the 
results by inverting ZI or qZ. As such, we confirm the 
validity of the inversion of ZI, and the dependence of the 
inversion of qZ on the location of the neighboring site. 
However, the inversion of qZ for the fault model (Model 
2) did recover the main structures. With this in mind, 
and in the context of our study area, with sites close to 
each other, we expect that the inversion of qZ responses 
will be a valid approach.
The Alhama de Murcia Fault magnetotelluric 
survey
Geological and geophysical setting
The Alhama de Murcia Fault in the context of the Betic 
Cordillera
The Alhama de Murcia Fault (AMF) (Bousquet 1979) is 
an 87-km-long, N40° E–N65° E, reverse component, left-
lateral strike–slip fault located in the northeastern part 
of the Eastern Betics Shear Zone (De Larouziére et  al. 
1988) (Fig. 1). The AMF is located in the Betics Internal 
Zone, which consists of a thrust stack of Paleozoic, Mes-
ozoic, and Paleogene rocks developed during the Alpine 
orogeny (Azañón et  al. 2002). The Nevado-Filábride, 
Fig. 4 Left: plan view at the surface (top) and cross section beneath the profile (bottom) for synthetic Model 2. Right: responses calculated at Site 4 
from Z (dots) and ZI (lines): xy and yx components (top) and xx and yy components (bottom)
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Fig. 5 From top to bottom: plan views at two different depths, cross section beneath the profile and measured and predicted responses at Site 4 
corresponding to the models obtained by inverting the synthetic data from Model 2: a impedance Z (left); b1 interstation impedance ZI (E:4;B:6) 
(middle) and, b2 quasi‑impedance qZ (E:4;B:6) (right)
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Alpujárride and Maláguide are the principal tectonic 
complexes (Egeler and Simon 1969) that were later reac-
tivated through low-angle normal faults due to an exten-
sional tectonics regime (Galindo Zaldívar et  al. 1989; 
Jabaloy et  al. 1992; Martínez-Martínez and Azañón 
1997). In the neotectonic period (the last 9 My) a NNW–
SSE compressional stress field became dominant and the 
AMF behaved as a transpressional oblique-slip structure 
(Montenat 1990; Martínez-Díaz et  al. 2012a). Accord-
ing to results from morphotectonics, paleoseismic and 
geodesic studies, the AMF, together with the Palomares 
Fault, accommodates ~ 1.0 mm/year of the approximately 
5 mm/year of convergence between the Nubian and Eur-
asian plates (Echeverría et al. 2013; Ferrater et al. 2016). 
The AMF is one of the largest faults of the Eastern Bet-
ics Shear Zone (Silva et  al. 1993), and the cause for an 
important number of damaging historical earthquakes 
that have occurred in this area.
The AMF is active as a transpressional structure at 
least since the Upper Miocene (Tortonian) (Montenat 
et  al. 1987). Before that, the AMF behaved as a normal 
or transtensional fault that generated an elevated relief 
along the present Guadalentín depression. The rela-
tive vertical movements of the hanging wall favored the 
formation of several Neogene basins: the Lorca and the 
Fortuna basins (Fig. 1) (Montenat et al. 1987; Silva 1994; 
Martínez-Díaz 1998). Since the Tortonian the area has 
been dominated by a horizontal shortening direction ori-
ented N150° E. The tectonic inversion of the AMF pro-
duced by this stress field induced the formation of the 
Guadalentín depression and the uplift of the Lorca and 
Fortuna Miocene basins as well as the Las Estancias, La 
Tercia, and the Espuña ranges in the NW wall of the fault 
(Montenat 1990; Herrero-Barbero et al. 2018).
In contrast with other segments, for which defor-
mation is distributed among several branches, in the 
Góñar–Lorca segment most of  the displacement on the 
AMF is restricted to a single branch (Fig. 1). The hanging 
wall in this sector is made up of metamorphic rocks that 
form the Las Estancias range. The foot wall controls the 
position of the Guadalentín tectonic depression filled by 
Quaternary sediments. The fault zone at this site shows 
a 100-m-wide shear zone that runs along the mountain 
front. This shear zone includes rocks from Palaeozoic 
and Triassic units of the Alpujárride and Maláguide 
complexes that form a 20-m-wide band of fault gouge 
oriented NE–SW, bounding the undeformed schists 
of the range; to the SE there is a parallel band of highly 
deformed Miocene rocks (Fig.  6). The Quaternary allu-
vial deposits overlying the shear zone are offset and tilted 
by the recent activity of the fault along the southeast 
edge according to observations in several trenches and 
an exploratory borehole made by Martínez-Díaz et  al. 
(2016b).
Structure of the AMF and selection of the study location
Geometrical variations along the fault zone of the struc-
ture and geomorphic expression and changes in seis-
micity rate, were used by Martínez-Díaz et  al. (2012a) 
to divide the AMF into four sections (Fig.  1): (1) 
Góñar–Lorca (N40° E), (2) Lorca–Totana (N60° E), (3) 
Totana–Alhama de Murcia (N40° E), and (4) Alhama 
de Murcia–Alcantarilla (N45° E). The Lorca earthquake 
(Mw 5.2, May 11th, 2011) was generated by the reac-
tivation of the SW end of the Lorca–Totana section 
(López-Comino et al. 2012; Martínez-Díaz et al. 2012b). 
This event raised awareness about the need for a better 
Table 1 Summary of  the  2 models used to  calculate the  responses and  to  test the  inversion of  the  interstation 
impedances
The forward column indicates at which sites Z and ZI were calculated. The inversion column indicates which inversions were performed (Z, ZI or qZ) and the validity of 
the obtained models (good ✓✓, or regular ✓)
a One number indicates the site number; two numbers separated by a colon indicates where the site’s electric and magnetic fields were recorded, respectively
Forwarda—site configuration Inversion
Model 1 (vertical 
contact)
Conductive Resistive Z ZI qZ
A 1 2 3 4 5 6 ✓✓
B 1:5 2 3 4 5 6 ✓✓ ✓
C 1 2 3 4 5:1 6 ✓✓ ✓
Model 2 
(fault + block)
1D Block Fault 1D Z ZI qZ
A 1 2 3 4 5 6 ✓✓
B 1 2 3 4:6 5 6 ✓✓ ✓
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understanding of the internal structure of the fault and 
for periodic monitoring of it. In this sense, INTERGE-
OSIMA-QUAKESTEP interdisciplinary projects aim to 
identify and understand the structure and seismogenic 
behavior of the AMF over the short, middle and long 
term (Martínez-Díaz et  al. 2016a, b). A paleoseismic 
study of the different segments and intersegment zones of 
the fault, structural characterization of the fault through 
geophysical methods, rheological analysis from trenches, 
and an exploration borehole are currently in progress and 
are providing new data (Martínez-Díaz et al. 2018; Rod-
ríguez-Escudero et  al. 2018). The AMF was also moni-
tored through a dense GNSS network to discriminate the 
slip rate for each section (Staller-Vázquez et al. 2018).
We selected the Góñar–Lorca section to carry out the 
geophysical analysis because in this sector the struc-
ture of the AMF is (according to available surface geol-
ogy data) the one with the simplest structure, with most 
of the deformation apparently accumulated in a single 
branch. Therefore, the observation of its structure at 
depth would be a priori, easier or at least feasible.
Previous geophysical data
In the Góñar–Lorca segment (Fig.  6), the FAM-1 bore-
hole (174  m depth) was drilled in the shear zone with 
the most exhumation (Rambla de la Torrecilla, 3 km SW 
of Lorca). The borehole core recovery and the informa-
tion from the three excavated trenches allowed deter-
mination of the detailed structure of the fault zone 
(Rodríguez-Escudero 2017; Rodríguez-Escudero et  al. 
2018). A preliminary geological interpretation (Fig.  6a, 
b) shows that the fault zone has a minimum width of 
150 m with a 70° NW dip. From NW to SE the observed 
units are graphitic schists from the Alpujárride Complex, 
a clay rich blackish fault gouge containing graphite, a 
mélange of blue-gray phyllite fault gouge with Miocene 
marls, Miocene sandstones and Quaternary alluvial limes 
and gravels (Martínez-Díaz et  al. 2016b; Rodríguez-
Escudero 2017). The resistivity log reached 100 m depth 
and showed a rapid decrease in resistivity from 70  m 
depth where the black fault gouge appears, varying from 
approximately 100 to 20 Ω·m (Fig. 6c).
Also in the Torrecilla area, nearly co-located electrical 
resistivity tomography (ERT) as well as refraction and 
reflection seismic profiles were surveyed crossing the 
main fault trace (Ardanaz et al. 2018).
The ERT model (Fig. 9a) shows middle and high resis-
tivities (150  Ω·m to more than 1000  Ω·m) towards the 
NW (Unit U1), interpreted as Paleozoic lithologies. In 
the central part of the model (400–550 m), low resistivi-
ties (1 to 20  Ω·m, coincident with the values obtained 
from the FAM-1 resistivity log) are associated with the 
main fault zone (Unit U2). Toward the SW, high resistiv-
ity values (150 to 1000  Ω·m) are associated with recent 
alluvial Quaternary conglomerates (Unit U3). Below that, 
lower resistivities (U4, 20 to 100 Ω·m) are related to more 
cohesive Pleistocene alluvial fan deposits. The contact 
between U3 and U4 presents vertical variations, which 
Fig. 6 a Combined aerial photo and geological map of the La Torrecilla area showing the main trace of the AMF and the geological units 
compounding the fault zone (b). The location of the MT, the FAM‑1 and FamSis‑1 boreholes are also shown, in addition to the position of the 
geophysical profiles in Fig. 9. b Geological cross section constructed from borehole logging information and trenches Tor‑1, Tor‑2, and Tor‑3. c 
Resistivity log from FAM‑1, up to 100 m depth (modified from Martínez‑Díaz et al. (2016b))
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are related to the faulting. This would support the con-
tinuity of the shear zone below the Quaternary deposits.
To this end, we carried out the MT survey in La Torre-
cilla (Góñar–Lorca segment), in order to better constrain 
this interpretation and to obtain more information on 
the structure of the basement, such as to determine the 
actual width of the shear zone and the possibility of the 
existence of other blind branches or faults beneath the 
Quaternary sediments. This survey was also co-located 
with the previous ERT and seismic profiles (Figs.  1 and 
6a).
Data acquisition, processing and analysis
The Torrecilla survey was carried out in February 
2016, where we acquired MT data on a 15 station pro-
file (Fig. 1, bottom), along the Rambla de la Torrecilla. 
Sites 7 and 8 delimit the survey to the WNW and were 
located over the Sierra de las Estancias (Alpujárride 
Complex, Internal Betics), at the farthest distance 
from the highway, but in an area with the highest topo-
graphic relief. They are significantly far from the other 
sites because of the rugged topography (narrow stream) 
that made it impossible to install a MT site along it. 
Sites 1 and 10 were located directly above the fault guge 
(Fig.  6a). The rest of sites were installed on top of the 
Quaternary deposits of the Guadalentín depression.
We measured the time variations of the horizontal 
electric and magnetic fields simultaneously using the 
ADU06 and ADU07 Metronix systems, with a total 
duration between 2 and 18  h, depending on the site. 
Given the short length of the full profile (1.5 km), and 
the proximity of some sites to an electrical line, some 
pairs of stations were recorded simultaneously, with 
magnetic sensors on just one of them.
Since the location of the survey is very close to the 
A7 highway and an industrial zone, the time series 
are sometimes highly contaminated by noise. In order 
to mitigate this effect, some sites were recorded over-
night, where anthropogenic activity was at a minimum, 
in order to get enough samples and better statistics for 
the data processing. The contact resistance between the 
electrodes and the soil presented high values due to low 
terrain compaction.
After applying a delay filter to remove the 50-Hz 
noise and its associated harmonics, time series were 
processed using Mapros (Friedrichs 2003) and ProcMT 
(Friedrichs 2015) Metronix software based on a robust 
method. At the sites where both the electric and mag-
netic field were measured, the outputs were the imped-
ances (Z). At sites where only the electric field was 
measured (marked in orange color in Fig. 1), the mag-
netic field was taken from a neighboring site and the 
time series had to be rewritten so the components of 
both the electric and magnetic fields started simulta-
neously and that they had the same duration. In these 
cases, the outputs were formally the interstation imped-
ances (ZI). However, until the contrary is stated, they 
are treated as quasi-impedances (qZ), i.e., they are ana-
lyzed and inverted as if both the electric and magnetic 
fields had been measured at the same site, and their 
related responses will be referred to as regular apparent 
resistivities and phases. The main reason, as stated in 
the introduction, is that most of the analysis and mode-
ling tools assume that the responses are the impedances 
Z, and the derived apparent resistivities and phases.
The apparent resistivities and phases were obtained 
for periods ranging from 0.001 to 1  s, 10  s, or 100  s, 
depending on the total measured time at each site. The 
data quality was not very good, as the curves in general 
show several peaks and low coherencies. We carried out 
a dimensionality analysis using the code WALDIM1.1 
(Martí et  al. 2009). This analysis (using a threshold of 
0.3, with 5% data error) (Fig. 7a) shows a general 3D data 
behavior for all frequencies, with just a few 1D and 2D 
cases at the shortest periods. The phase tensor (Caldwell 
et al. 2004) was also computed and represented for each 
site and period (Fig.  7b) using MTPy software (Kirkby 
et  al. 2019). The results are very scattered with high 
skew angle values, supporting general 3D data behavior. 
However, based on the geology the fact that data were 
acquired along a single profile and, in order to comple-
ment the previous ERT model, we decided to first per-
form a 2D inversion of the measured data, following a 
strike direction aligned with the fault trace.
Two‑dimensional modeling
Data were rotated to 45° E, approximately following the 
direction of the fault trace, and the rotated xy and yx 
curves were assigned to the TE and TM modes, respec-
tively. The static shift was corrected, leveling the TE 
and the TM modes at around 200  Ω·m for the highest 
frequencies. This value was taken from the ERT model 
(Ardanaz et  al. 2018), which found resistivity values 
between 100 and 1000  Ω·m in its shallowest part, cor-
responding to colluvial quaternary materials. The result-
ing curves were then smoothed using D+ (Beamish and 
Travassos 1992) implemented in the software  Winglink®, 
and the frequencies with values that were too far from 
the smoothed curve were manually deactivated. The 
rotated original and smoothed curves for three repre-
sentative sites (1, 11 and 15) are represented in Fig. 8. The 
plots for the rest of sites that will be used in the inversion 
are represented in Additional file 2: Figure S2-1.
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For the data inversion we used Mackie’s 2D code (Rodi 
and Mackie 2001) implemented in  Winkglink®. The ini-
tial model had a resistivity of 100  Ω·m, following the 
topography, and a mesh of 91 rows and 112 columns. The 
top 50  m of the model was discretized with 1.5-m-size 
rows, followed by a 1-km range with 15-m-size rows, and 
then increasing by a factor of 1.2 while extending to a 
depth of 32 km. We discretized the central 2 km around 
the sites into columns with widths between 10 and 20 m, 
increasing by a factor of 1.5 up to an extension of 25 km 
on each side.
Fig. 7 a Geoelectrical dimensionality maps obtained from the WALDIM code (v1.1) averaged over five period bands for the La Torrecilla survey. 
Black arrows indicate the strike direction where the structure is 2D or 3D/2D and their size is inversely proportional to its error. b Phase tensor 
ellipses for each site and period. The color of the ellipses represents the value of the skew angle
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Several tests were done by  inverting the full dataset. 
However, given the low quality of the data at some sites 
and the short distance between them, this did not allow 
for the inversion process to adjust all the curves, or it 
produced conductivity artifacts at very large depths. Ulti-
mately, we used 10 sites for the inversion.
A 10% error was applied to the apparent resistivi-
ties with a 5° error in the phases (both TE and TM). 
First we inverted the TM mode between 0.001 s and up 
Fig. 8 Apparent resistivity and phases of the original data rotated by 45° (symbols) and smoothed curves after applying D+ (solid lines) for Sites 
1, 11 and 15. Red and blue symbols were the ones used to apply the smoothing. Gray symbols correspond to frequencies that were deactivated. 
Inbox: TE and TM smoothed apparent resistivities and phases and 2D model responses for sites 1, 11 and 15
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Fig. 9 a ERT model obtained for the La Torrecilla profile. Modified from Ardanaz et al. (2018). b Geoelectrical model obtained from the inversion 
of TE and TM magnetotelluric data with its main conductors and resistors identified. UC: upper conductor; UR: upper resistor; Upper C–R: upper 
conductor–resistor alternation; C1: conductor 1; C2: conductor 2; R1 resistor 1. c Pseudosections of the apparent resistivity (left) and phase (right) TE 
and TM data and model responses (apparent resistivities and phases). The relative position between the ERT and magnetotelluric model sections 
are indicated by the red lines. Note that the resistivity scales are inverted from each other
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to 100  s. The starting rms was 12.41; it reached a value 
of 2.18 after 200 iterations. Departing from this model, 
we added data from the TE mode and inverted both 
jointly. For some of the sites, the TE mode could not be 
fitted. Hence, we did not consider this mode for Sites 3, 
10, and 15. For the remaining sites, we inverted the TE 
mode up to 1  s. We also refined the mesh to 105 rows 
and 116 columns. The first inversion led to large and very 
extreme conductivity values, which we removed as outli-
ers, then fixed the Paleozoic base (resistivity of 200 Ω·m) 
at − 500 m.a.s.l., before recalculating the responses. The 
resulting model (Fig.  9b) has an rms of 2.9 and shows 
geoelectrical structures down to depths of − 500 m.a.s.l., 
therefore extending the depths able to be imaged by the 
ERT survey (Fig. 9a, inverted resistivity scale). Data and 
model responses are represented in Fig. 8 for Sites 1, 11, 
15; and in Additional file 2: Figure S2-2, for the rest of the 
sites. Figure 9 also shows the TE and TM data and model 
responses pseudosections.
In its upper part, from NW to SE, the model shows a 
conductive zone (upper conductor, UC, 50 Ω·m), a very 
resistive zone (upper resistor, UR, 1000–10,000 Ω·m) and 
an alternation of resistors and conductors (Upper C–R, 
50 Ω·m/5000 Ω·m). Below these, a very conductive zone 
(C1, 0.1–1 Ω·m) that extends to a depth of − 500 m.a.s.l., 
a resistor (R1, 100–200  Ω·m) and a conductor (C2, 
5–20 Ω·m) are identified.
We carried out sensitivity tests for the Upper C–R, and 
for the conductor C1, to assess if these structures are 
necessary to fit the data. For the Upper C–R, one of the 
objectives was also to  see if the alternation of conduc-
tors was an inversion artifact or not and we substituted 
this structure for a single block of 1000 Ω·m. The recal-
culation of the forward problem led to an rms value of 
10.3. From there, we ran the inverse problem again and 
recovered the Upper C–R structure (see Additional 
file 2: Figure S2-3). Regarding C1, we modified its resis-
tivity to 50  Ω·m and to 200  Ω·m and run the forward 
problem for each case, leading to rms values of 3.5 and 
3.8, respectively, and to a poor fit between the data and 
model responses—especially for sites located just above 
the conductor C1 (see Additional file  2: Figure S2-4). 
Hence, both tests confirm that both the Upper C–R and 
C1 structures are required by the model in order to fit the 
data.
3D geoelectrical model of the AMF in the Torrecilla area
The dimensionality analysis results (Fig. 7) show that the 
measured MT data corresponds mainly to 3D structures. 
For that reason we inverted it using the 3D code ModEM, 
using the qZ and the ZI responses separately.
First we inverted the data using a NS–EW oriented 
mesh, using all sites (except for those located on the 
other side of the highway: Sites 4 and 13). The details of 
the mesh inversion parameters and the resulting models, 
from both ZI and qZ are described in Additional file 3A. 
These models are characterized by much shallower struc-
tures than the 2D model but show a conductive body 
below the central part, which we identify as C1. However, 
these models were limited by having all the sites located 
along only one profile (which may not be able to properly 
resolve the 3D structures); this profile is oblique to the 
approximated geoelectric strike (Kiyan et  al. 2014), and 
can hence lead to incorrect recovery of the structures.
To avoid these effects, we performed a second set of 
inversions, this time with a rotated mesh, for which most 
of the sites would therefore be aligned. We also worked 
with the same sites as the ones used for the 2D inversion. 
Hence, we had to rotate both the grid and the data 40° NE 
(which was the direction with most of the sites along the 
same row).
We initially inverted the qZ data by departing from a 
homogeneous model. That led us to a model that had 
shallow structures with a conductive region below Sites 
1, 10, and 12. Next we generated a new starting model 
by extending the 2D model to all the vertical layers, and 
started a new inversion using the off-diagonal compo-
nents (See mesh, inversion parameters, and data details 
in Additional file  3B). A cross section of the resulting 
model is shown in Fig. 10. We have labeled the conduc-
tive features as for the 2D model. Most of them (UR, 
Upper C–R, C1, and R1) have been preserved in the 3D 
model, whereas the shallow conductor (UC) was dis-
placed towards the SE, which may be due to the low data 
coverage; the conductor C2 is not imaged.
The main conductive and resistive structures from the 
2D model (Fig. 9b) and the cross section of the 3D model 
(Fig. 10) have been interpreted by taking into account the 
units (U1–U4) imaged by the ERT model (Fig. 9a).
We associate the shallow resistor UR with the Paleo-
zoic materials of the Alpujárride Complex (phyllite with 
schists, Unit U1). The conductor UC, for which its loca-
tion is not well constrained, would belong to the same 
geological complex but its lower resistivity might in fact 
be caused by a change in lithology or to the presence of 
conductive mineralization, i.e., graphite. We interpret 
the alternation of conductors and resistors (Upper C–R) 
as due to shallow levels of very dry colluvial materials 
(resistive, Unit U3) cut by vertical faults (conductive). 
We associate the main conductor C1 with the main fault 
zone, likely a continuation in depth of the highly conduc-
tive Unit U2. Its low resistivity indicates the presence of 
highly fractured materials and fluid circulation, associ-
ated with the shear zone. This conductor defines a region 
with about 70° of inclination (red dotted line in Fig. 9b) 
that delimits the fault zone. Resistor R1 may correspond 
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Fig. 10 Cross section of the model obtained from the inversion of qZ departing from the 2D model and extended to the full 3D mesh. Resistivity is 
indicated in decimal logarithmic scale
Fig. 11 Geological–structural interpretation of the La Rambla de la Torrecilla section. Position of the FAM‑1 borehole, trenches, and the 
geoelectrical section of Fig. 9 are projected for reference. Red triangles indicate the location of the magnetotelluric sites
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to the presence of the metamorphic basement, although 
it is difficult to prove given its geometry. Finally, con-
ductor C2 is not identified in the 3D model, but may 
be interpreted as plio-quaternary materials and/or to 
the  presence of marls with alternating sandstones, clay, 
and Miocene conglomerates.
Discussion
Combining the surface geological information, the infor-
mation extracted from borehole FAM-1, and the trenches 
excavated across the fault zone (Martínez-Díaz et  al. 
2016b; Rodríguez-Escudero 2017) with the magnetotel-
luric analysis presented in this work, as well as the ERT 
profile, we interpret the detailed structure of the fault 
zone up to 1 km deep, as shown in Fig. 11. Geoelectrical 
models confirm the existence of a fault zone with a fairly 
uniform dip towards the NW up to at least 1 km depth, 
with a width of the main shear zone—where most of the 
deformation is concentrated—of at least 100  m. This is 
expressed in the form of important lithological and struc-
tural heterogeneity inside this band. Previous studies 
carried out in the shear zone at microscopic, meter, and 
decameter scales support the existence of a clear scale-
independent geometry of the deformation fabric, one 
that is dominated by sigmoidal blocks of different lith-
ologies and is controlled by Riedel and Y planes from the 
shear zone (Rodríguez-Escudero et  al. 2012; Rodríguez-
Escudero 2017). This structural style is maintained at the 
hectometer scale interpreted in the cross section, assum-
ing an evident uncertainty in the size and lithology of 
each tectonic block. The geophysical logging carried out 
in the FAM-1 borehole crossing the principal displace-
ment zone (Martínez-Díaz et  al. 2016b) shows very low 
permeability values along this zone dominated by a fault 
gouge band that is ~ 20 m thick (dark gray band bounding 
the basement block in Fig. 11). Added to this is the fact 
that the water table level observed in several wells close 
to the area (penetrating the La Torrecilla alluvial fan 
for hydrogeological purposes) oscillates between 1 and 
70 m.a.s.l. over the last 10 years (IGME 2019). This sup-
ports the interpretation that the minimum resistivity val-
ues shown by the MT survey located below sea level are 
related to the presence of water. It is also favored for the 
fault zone by the barrier effect exerted by the fault gouge.
The subsurface information also supports the possibil-
ity that the deformation zone associated with the AMF 
may reach a thickness of several hundred meters. Its 
southeast edge bounds a net thickness change of Quater-
nary dry alluvial deposits in the La Torrecilla alluvial fan. 
This points to the existence of a fault that would therefore 
be located close to the A7 highway. This structure there-
fore would have special significance for the seismic haz-
ard potential of the region since its continuation towards 
the NE, assuming a trend similar to that observed for the 
outcropping fault zone, would pass below or very close to 
the Rafael Mendez General Hospital (Figs. 1 and 6). This 
underscores the importance of intensifying the geophysi-
cal studies in this sector of the AMF.
Conclusions
We carried out a magnetotelluric study for the Góñar–
Lorca sector of the Alhama de Murcia Fault in order to 
reveal its structure at depth. At some sites only the elec-
tric field was measured, and the responses (Interstation 
Impedances) were obtained from the magnetic fields of 
neighboring sites.
Using synthetic models that represent a fault zone, 
we evaluated the inversion of interstation impedances 
(ZI), impedances (Z), and quasi-impedances (qZ). The 
inversions of Z or ZI recover models with comparable 
resistivity structures. The inversion of the quasi-imped-
ance (qZ) does not reproduce all the structures depend-
ing on the location of the magnetic field, but in general 
it still provides a valid model.
Despite the challenges arising from noise in the data, 
the 2D and 3D models reveal structures that correlate 
well with previous geophysical and geological informa-
tion and complementing them with depth. The main 
feature is the presence of a 70° NW dipping conductor, 
which we associate with the main fault gouge. Its high 
conductivity is explained by high fracturation and to 
the presence of fluids.
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